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The biosynthesis, assembly, and function of ribosomes are
complicated interrelated processes essential to the function
and growth of all cells. Equimolar quantities of more than 70
different ribosomal proteins synthesized in the cytoplasm
and four ribosomal RNAs transcribed in the nucleus are
assembled into ribosomes in the nucleolus (16). Ribosome
biosynthesis is tightly coordinated with the physiological
state of the cells. In the yeast Saccharomyces cerevisiae, the
rate of synthesis of ribosomal proteins is coordinately decreased in response to heat shock (31) or upon sporulation
(33) and is increased when the yeast is shifted from medium
containing ethanol as a carbon source to medium containing
glucose as a carbon source (29). To study the coordinate
expression of ribosomal genes and the role of individual
ribosomal components in yeast ribosome assembly and
function, we and other workers have cloned a number of
yeast ribosomal protein genes (4, 5, 13-15, 22, 35, 37, 39, 60,
72). With few exceptions, these genes are unlinked, occur in
two copies in the genome, and contain a single intervening
sequence (1, 4, 5, 13-16, 28, 35, 48, 72, 73).
Experiments thus far indicate that a variety of control
mechanisms operate to coordinate yeast ribosome biosynthesis. Ribosomal protein mRNA transcription, processing,
stability, and translation are regulated, as well as the stability of the ribosomal proteins themselves (11, 12, 18, 19,
29-31, 33, 53, 67, 69, 71). Several cloned ribosomal protein
genes have been used as probes to demonstrate that yeast
ribosomal protein mRNAs have similar rates of synthesis
and turnover and accumulate in roughly equimolar quantities
(30). Coordinate transcription of the unlinked ribosomal
protein genes may result from activation of identical or very
similar promoter sequences upstream of each of these genes.
*
Corresponding author.
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University of Minnesota, St. Paul, MN 55108.

We have recently identified by detailed mutational analysis
three sequence motifs upstream of the RP39A gene necessary for its transcription (58). These sequences are present in
the same 5'-to-3' orientation upstream of 18 of the 20 cloned
ribosomal protein genes (38, 58, 66), as well as the translational elongation factor genes TEFI and TEF2 (23).
To facilitate our studies of yeast ribosome biogenesis, we
isolated a ribosomal protein gene with a readily assayable
phenotype, sensitivity or resistance to the plant alkaloid
cryptopleurine. Cryptopleurine inhibits protein synthesis in
yeasts and other eucaryotes by binding to a high-affinity site
on the 40S subunit and blocking the elongation factor EF-2dependent translocation step (2, 6). Cryptopleurine resistance in yeasts is due to a recessive nuclear gene, cryl,
which is closely linked to the mating type locus (MAT) on
chromosome III (20, 62). The cryl resistance allele and the
wild-type sensitivity allele CR YJ have been cloned and have
been shown to encode the 40S subunit ribosomal protein
rp59 (22, 35).
In this study, we analyzed the structure of the CR Y) gene.
The CRY] gene is transcribed into a 960-nucleotide poly(A)+
transcript containing a single 307-nucleotide intron interrupting the third codon, which is removed to produce a 630nucleotide poly(A)+ CRY) mRNA. A comparison of the
predicted amino acid sequence of the rp59 protein encoded
by CRY) with the sequence of the Chinese hampster ovary
cell and human S14 ribosomal proteins (54, 55) reveals a
striking (88%) conservation of sequence between these yeast
and mammalian proteins.
We constructed a series of 5' deletion mutations that
identified upstream sequences necessary for in vivo expression of the CRY) gene. This analysis revealed that CRY)
utilizes the same consensus tripartite promoter sequences as
the yeast RP39A and L25 ribosomal protein genes (58, 74),
corroborating our model that transcription of yeast ribosomal protein genes is mediated by this consensus promoter.
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The Saccharomyces cerevisiae CRY] gene encodes ribosomal protein rp59, a component of the 40S ribosomal
subunit. Mutations in CRY] can confer resistance to the alkaloid cryptopleurine, an inhibitor of the elongation
step of translation. The nucleotide sequence of the cloned CRY] gene was determined. The predicted amino acid
sequence shows that CRY] encodes a 14,561-dalton polypeptide that has 88% amino acid sequence homology
to the hamster or human S14 ribosomal protein responsible for emetine resistance and 45% homology to
Escherichia coli ribosomal protein Sll. Analysis of the DNA sequences upstream from CRYI revealed the
presence of three sequences, HOMOLl (consensus, A/TACATCC/TG/ATA/GCA), RPG (consensus, ACCCA/
GTACATT/CT/A), and a thymine-rich sequence, found upstream of more than 20 other cloned yeast genes
encoding components of the translational apparatus. We exploited the ability to assay the expression of CRY)
in vivo by using the cryptopleurine resistance phenotype to demonstrate that these three consensus sequences
are necessary for the transcription of CRY). We previously showed that the upstream promoter element of the
yeast RP39A gene consists of these identical sequence motifs. Therefore, we suggest that these three sequences
define a consensus promoter element for the genes encoding the yeast translational apparatus. CRY) is one of
several hundred yeast genes, including ribosomal protein genes, whose expression is transiently decreased
10-fold upon heat shock. We found that the HOMOLl and RPG consensus sequences are not necessary for the
heat shock response of CRY).
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MATERIALS AND METHODS
Strains and media. Yeast strain JL8 (a cryl leu2-3,112
ura3-52 trpl) was constructed by crossing strains BJ423 (a
cryl his]; kindly provided by Elizabeth W. Jones) and
DBY747 (a his3-Al leu2-3,112 ura3-52 trpl-289; obtained
from the Yeast Genetic Stock Center, Berkeley, Calif.). An
a cry] leu2 trpl spore was crossed to strain RL78 (a
ura3-52), which was constructed in our laboratory by Robert
Last (36). Progeny from this cross were backcrossed to
RL78 three more times before strain JL8 was chosen.
Standard yeast genetic methods were used for these manipulations (49).
Yeast cells were grown either in YEPD (1% yeast extract,
2% peptone, 2% dextrose) or in defined synthetic media
supplemented with 2% dextrose as a carbon source (26).
Cryptopleurine phenotypes were assayed on media containing 5 to 15 ,uM cryptopleurine, which was obtained from
Chemasea or Corkwood Enterprises, Unit F, 61 Waratah
St., Kirrawee, New South Wales, Australia.
Materials. Restriction site linkers, restriction endonucleases, nuclease BAL 31, and calf alkaline phosphatase
were obtained from New England BioLabs, Inc., or Boehringer Mannheim Biochemicals. T4 polynucleotide kinase
was a gift from William McClure, Carnegie Mellon University. Escherichia coli DNA polymerase holoenzyme and
Klenow fragment were gifts from William E. Brown,
Carnegie Mellon University. T4 DNA ligase, [a-32P]dCTP,
and [y-32P]ATP were obtained from New England Nuclear
Corp. DEAE-nitrocellulose (NA 45) was obtained from
Schleicher & Schuell, Inc. The synthetic oligonucleotide 5'
GTATCGTTGAAAGAAGCG 3' was purchased from DNA
Synthesis Service, Department of Chemistry, University of
Pennsylvania. Reverse transcriptase was obtained from Life
Sciences, Inc. Plasmid pACTI containing the yeast actin
gene was provided by Claudio Pikielny, Brandeis University.
Nucleic acid preparation. Bacterial plasmid DNA was
prepared as described by Woolford and Rosbash (73). Restriction enzyme fragments were purified by agarose gel
electrophoresis as described by Last et al. (36). CRY) cDNA
clones were isolated from a yeast cDNA library constructed
and kindly supplied by Gary McKnight (45). The 32P-labeled
EcoRI-BglII fragment from CRY) was used as a probe for
colony hybridization (17) to approximately 20,000 colonies
from the library. Plasmid DNAs were isolated from positive
colonies and were screened by restriction enzyme mapping
for those preparations containing CRY) cDNAs.
Yeast RNA was prepared as described previously (21, 35,
36). Cultures (200 ml) of each plasmid-bearing strain were
grown in appropriate synthetic medium to a density of 2 x
107 to 4 x 107 cells per ml; 100-mi portions were harvested
by centrifugation and were used to prepare RNA immediately. The remaining 100 ml of each culture was pelleted,
suspended in 5 ml of 1 M sorbitol, and stored frozen for use
in the preparation of genomic DNA by the method of Davis

et al. (9), with the modifications described by Last et al. (36).
Plasmid copy numbers were determined from the same
cultures used to determine CRY) RNA levels.
Gel electrophoresis, transfer, and filter hybridization of
DNA and RNA. All restriction enzyme cleavages were performed as recommended by the manufacturer. DNA restriction fragments were subjected to electrophoresis as described by Woolford et al. (72). DNA was transferred to
nitrocellulose by the method of Southern (63), with modifi-

cations described previously (35).
RNA [total RNA or poly(A)+ RNA] was subjected to
electrophoresis on 1.2% agarose gels and blotted onto nitrocellulose as described previously (35, 36). Both DNA and
RNA blot filters were hybridized as described by Davis et al.
(9) to DNA labeled in vitro with 32P by nick translation (3,
56). Densitometry of autoradiograms was performed by
using the tungsten lamp of a Zeineh soft laser scanning
densitometer (model SL-504-XL). For each sample, either a
series of dilutions or several exposures of the blot (generally
both) were used to ensure that the density of each band
quantitated was within the linear range of the film. To
determine CRY) mRNA levels in cells transformed with the
CRY) deletion plasmids, the regions of the nitrocellulose
filter corresponding to each band of interest were cut out,
and the amount of radioactivity was determined by scintillation counting. These results were entirely in agreement
with the RNA levels measured for these samples by using
densitometry.
DNA ligations. Cohesive end ligation of DNA fragments
was done as described previously (36). The attachment of
synthetic DNA linkers to staggered-end or blunt-end restriction fragments was performed as described by Maniatis et al.

(43).

Construction of CRY) deletion plasmids. The details of the
method used for construction of deletions upstream from the
CR YJ gene have been given elsewhere (Larkin, Ph.D. thesis,
Carnegie Mellon University, Pittsburgh, Pa., 1985). Deletions were constructed starting from the Hindlll site at
position -454 upstream of the CRYJ AUG initiation codon
by using either BAL 31 digestion (A-273, A-265, A-257,
A-243, A-200, A-157, A-152, and A-123) or restriction sites
occurring in the genomic sequence of this region (A-143,
A-114, and A-46). BAL 31 digestions were done as described
by Maniatis et al. (43). The resulting deletions were present
on Hindlll restriction fragments derived from the 2.2
kilobase (kb) genomic CRY) HindIII fragment, such that
sequences were removed upstream from CR Y] and a
HindIII linker was placed at the deletion endpoint. Each of
these deletion fragments was cloned into the Hindlll site of
YCp5O (a single-copy centromere plasmid) and YEp13 (a
moderately high-copy-number 2p.m circle plasmid) in such a
manner that the HindIlI linker at each deletion endpoint was
joined to the same pBR322-derived sequences in each vector
(Fig. 1). The structure of each deletion endpoint was confirmed by DNA sequencing of the YCpSO construction.
Yeast transformation. Yeast cells were transformed either
by the spheroplast method described by Sherman et al. (61)
or by the lithium acetate method described by Ito et al. (24).
Transformants with integrating vectors were tested for stability as described by Last et al. (36).
DNA sequencing. DNA restriction fragments were 5' end
labeled with [y-32P]ATP and T4 polynucleotide kinase as
described by Maxam and Gilbert (44). Fragments were
labeled at their 3' ends by using a-32P-labeled deoxynucleoside triphosphates and the Klenow fragment of DNA polymerase, as described by Maniatis et al. (43). DNA sequenc-

Downloaded from https://journals.asm.org/journal/mcb on 12 October 2021 by 2620:105:b001:1060:c439:1362:e317:c91c.

We also examined the effect of the 5' deletion mutations
on CRYJ transcription during heat shock. Our results show
that deletion of the HOMOLl and RPG consensus sequences does not interfere with the transient decrease in
transcription occurring after heat shock. These results suggest that the sequences required for the coordinate heat
shock response of ribosomal protein genes are separate from
the ribosomal protein gene constitutive promoter element.
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ARSI

dards and DNA sequence ladders on 8% polyacrylam,ide
sequencing gels containing 8 M urea.
The 5' ends of the CRY) mRNA were mapped by primer
extension analysis by using the method of Treisman et al.
(68) under the hybridization conditions described by Krainer
et al. (34). A 5'-end-labeled oligonucleotide complementary
to nucleotides +367 to +384 of CRY] was annealed to 20 ,ug
of total RNA or poly(A)+ RNA. The reverse transcriptaseextended products were analyzed alongside DNA sequence
ladders on an 8% polyacrylamide sequencing gel containing
8 M urea.

CEN4

URA3
B

H (A-X)

B

FIG. 1. Structure of yeast plasmids containing CRY) 5' deletions. (A) Single-copy centromere plasmid YCp5O CRY] A-X. (B)
Medium copy 2,m plasmid YEp13 CRY) A-X. X refers to the
position of the nucleotide at the deletion endpoint. Restriction
endonuclease cleavage sites: H, HindIII; B, BamHI. Solid lines,
pBR322 sequences; solid boxes, CRYI sequences; open boxes,
yeast sequences other than CR Y]. The arrows indicate the location
and direction of transcription of the CR Y] gene.

RESULTS
Structure of the CRYI transcription unit. We previously
showed that the yeast CRY) gene encodes ribosomal protein
rp59 and is present within a 2.2-kb HindIlI fragment that is
21 kb centromere proximal from the MAT locus on chromosome III (35). Wild-type yeast cells contain a 630-nucleotide
poly(A)+ transcript homologous to CR YI, whereas rna2
mutant yeast cells that are unable to splice introns accumulate a 960-nucleotide poly(A)+ transcript homologous to
CRY) (35). Therefore, we inferred that the CRY) gene
contains one or more introns. The precise location and
structure of the CRY) gene and transcript were determined
by sequencing DNAs from the cloned CRY) genomic fragment and a cloned full-length CR Y) cDNA, as shown in Fig.
2, and by Si nuclease mapping and primer extension analysis
(Fig. 3). The complete nucleotide sequence of CRY] and the
456 nucleotides upstream of the gene is shown in Fig. 4.
We directly demonstrated the presence of a single intron
near the 5' end of CRY) by comparing the structure and
sequence of a CR Y] cDNA with the structure and sequence
of the CRY) genomic fragment. The CRY) cDNA sequence
lacks nucleotides +8 to +314, which are present in the
genomic sequence within the third codon of the predicted
CRY) reading frame (Fig. 4). This interval within CRY)

ing reactions were performed as described by Maxam and
Gilbert (44), except that the thymine-cytosine reaction was
modified by increasing the amount of water to 100 RI,
increasing the amount of hydrazine to 50 RI, and increasing
the incubation time to 45 min. This reaction has been found
to give more efficient cutting at thymine residues than the
standard reaction.
S1 mapping and primer extension analysis. The 3' end of
the CRY) intron and the CRY) transcript were determined
by Si mapping, using the protocol of Kaufer et al. (28) and
double-stranded DNA fragments labeled at their 5' or 3' ends
as described above. The DNA molecules were denatured
and hybridized to mRNA for 5 h by continuously decreasing
the temperature from 48 to 44°C. Digestion was carried out
with 100 or 200 U of S1 nuclease (Sigma Chemical Co.) per
ml at 37°C. The sizes of RNA protected fragments were
determined by electrophoresis alongside DNA size stanI
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FIG. 2. Strategy for determining the DNA sequence of CRY) genomic and cDNA clones. The maps of the CRY) gene and of a CRY)
cDNA clone show only those restriction enzyme sites used for DNA sequence analysis or comparison. The arrows indicate the direction and
extent of nucleotide sequence read from the indicated 5'-end-labeled (-*) or 3'-end-labeled (f-) sites. The CRY) transcripts are indicated by
the arrows above each map; the CRY) intron (I) is represented by the "break" in the arrow, and the CRY) exons are designated El and E2.
Restriction enzyme sites: Hd, HindIII; S, Sau96; Bs, BstEII; D, DdeI; H, Hinfl; R, EcoRI; T, TaqI; C, ClaI; B, BgII. (A) Structure and
sequencing of the CR Y) genomic clone. (B) CR Y) cDNA cloned in pMAC561. Open bars, Sequences containing the yeast ADC promoter or
the yeast CYCI transcriptional terminator; cross-hatched bar, G C tailing; solid bar, A T tailing; solid line, CRY) cDNA; wavy line,

remaining vector

sequences.
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FIG. 3. Mapping the ends of the CRY] transcript and intron. (A) Primer extension analysis to map the 5' ends of the CRY] transcript. The
18-mer residue homologous to nucleotides 367 to 384 was 5' end labeled and hybridized to poly(A)+ RNA from wild-type yeast cells, and
cDNA was synthesized from the resulting hybrid by using avian myeloblastosis virus reverse transcriptase (RT). The radioactive DNA
products were subjected to electrophoresis alongside a sequencing ladder on an 8% polyacrylamide-8 M urea sequencing gel as described in
Materials and Methods. The 98-nucleotide product is shown in lane 1. No products were obtained when RNA, reverse transcriptase, or primer
was omitted. (B and C) S1 nuclease mapping of the 3' ends of the CRY] intron and the CRY] transcript. The 5'-end-labeled 340-nucleotide
EcoRI-Hinfl fragment and 3'-end-labeled 190-nucleotide Hinfl fragment were hybridized to poly(A)+ mRNA isolated from wild-type yeast
cells, incubated with 100 U of S1 nuclease for 15 or 30 min at 37°C, and subjected to electrophoresis on 8% polyacrylamide-8 M urea gels
alongside a sequencing ladder (B) or size standards (C). (B) Lanes 1 and 3, 340-nucleotide EcoRI-Hinfl fragment without RNA or Si; lane
2, fragment without RNA plus Si; lane 4, fragment plus RNA plus S1 (15 min); lane 5, fragment plus RNA plus S1 (30 min). (C) Lane 1,
190-nucleotide Hinfl fragment plus RNA plus S1 (15 min); lane 2, fragment plus RNA plus S1 (30 min); lane 3, fragment minus RNA plus S1;
lane 4, size standards. bp, Base pairs; Ri, EcoRI site; Hf, Hinfl site; Si, nuclease Si.

contains the following three sequence motifs found in all
introns of yeast nuclear genes: GTATGT (nucleotides +8 to
+ 13), which immediately follows 5' splice sites; TACTAAC
(nucleotides +260 to +266), which is present 9 to 57 nucleotides upstream of 3' splice sites; and AG (nucleotides +313
to +314), which immediately precedes 3' splice sites. The 3'
splice site of the CR YJ intron was also mapped by using the
S1 nuclease protection assay. The 340-nucleotide EcoRIHinfl fragment of CR YJ, 5' end labeled at the Hinfl site, was
hybridized to yeast mRNA and digested with S1. A 156nucleotide fragment was protected (Fig. 3B, lanes 4 and 5),
indicating that the 3' splice site of CRYJ is between guanine
and cytosine at positions 314 and 315.
The 5' and 3' ends of the CRY] transcripts were mapped
by primer extension and Si analyses. A major cDNA product 98 nucleotides long was obtained (Fig. 3A, lane 1),
indicating that at least one CR YJ transcription 5' start site is
at the adenine residue at position -21 (Fig. 4). Similar
results were obtained by S1 protection analysis. One major
and two minor start sites were detected (the adenine at
position -21, the cytosine at position -32, and the thymine
at position -38, respectively) (data not shown). The 5' end
of the cloned CR YJ cDNA was also found to be the adenine
at position -21. The 3' termini of the CRY] transcripts were
mapped by S1 digestion of hybrids between the 190-

nucleotide 3'-end-labeled CR YJ Hinfl fragment and yeast
mRNA at various temperatures. Fragments 145 and 148
nucleotides long were protected (Fig. 3C, lane 2), indicating
that the CRYJ transcript has 3' termini at nucleotides +822
or + 825, 123 and 126 nucleotides downstream from the UGA
termination codon at position 719 (Fig. 4). There is a poly(A)
tract at the 3' end of the CRY] cDNA sequence, following
the cytosine at nucleotide 820. However, since the genomic
CR YJ sequence contains adenine residues at positions 821
and 822 following the cytosine at nucleotide 820, we could
not unambiguously determine whether the 3' end of the
CRYJ cDNA is C(+820), A(+821), or A(+822).
Ribosomal protein rp59 encoded by CRY] is homologous to
bacterial and mammalian ribosomal proteins. Within the
CR YI transcript defined above, there is one open reading
frame of sufficient length to encode rp59 (Fig. 4). The
hypothesis that this is in fact the CR YI reading frame is
supported by the fact that the dominant CryS phenotype is
expressed in cryl yeast cells transformed. with the CR YJ
cDNA cloned in yeast expression vector pMAC561.
The amino acid sequence of the rp59 protein predicted
from the DNA sequence of CR YJ consists of 137 amino acid
residues comprising a basic protein with an approximate pI
of 11.85 and a molecular weight of 14,561. As shown in Fig.
5, the predicted amino acid sequence of yeast ribosomal
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-450
-440
-430
-420
-410
-400
-390
-380
-370
MGCTTA CMGTTCTGG TATATTCTAT ATACTCACTT ATTACTTTCA AGTACTTCAC ACGGGCCTGA CATCTCTATT CTTGTTACTC
-360
-350
-340
-330
-320
-310
-300
-290
-280
ACTGATTATC GTTCTTGTTC ATACTTGTTA TGTATCTTCT TTCTCCCTAT TTAAAATGTA ATAGAGACTG CTTTGGAGTA CTTACGTGCG
-270
-260
-250
-240
-230
-220
-210
-200
-190
GTGTACGGAC TTATAMACA TCTGTACATT TTACTACTCT TTTTTTTTGC GTTCTTTTTT TCACCTTCAG CACGAGCATT GCCATTCTCT
--------------- T RICH ------------------HOMOL I
-

I

---

RPG

----

-180
-170
-160
-150
-140
-130
-120
-110
-100
ACTGCATTTT GGCAAATTGT CTGCTTGCGG CAGACCATCC GCCTCCTGGC TCATTCCATA TGGTGCAGGG CTTCCTCAGG TAGACAGTTG
-90
-80
-70
-60
-50
-40
-30
-20
-10
AAATGMTTG GTTATTMTC ACTATATATT ACAGAAAGCA CTTTTTMTG AAGATTCTAT TTTAMCCCA AGGAGAGTM GAAACCACM

TATA Boxes

1
11
21
31
41
51
61
71
81
GAACCCGCC ATG TCT A / GTATGTTTMTCAC ATAGTGMCA TTTTTAAAGC ATCTCTATTT TCCATTGATT GTTGTTGATT GTTTCTGACG
MET Ser
/ Intron.........................................................................
91

101

111

121

131

141

151

161

171

ACGTGCMGA TACATTGMA GTCAGAAACA TAAAGACMT TCMCGAATT CATTGCCTCC AAAGTMTTC ATAGCGATTA GTTGAGCTTA
.....................................................

181
191
201
211
221
231
241
251
261
TTGTGTCMT GGCAGTATAT TTTGTCMCT TTTTTTTCGA TGGAAAAGCA MGATACTAT GTMGAATTA AAAAAAAAAA CTTTTGGATA
271

281

291

301

.

..

311

.

331

346

CTAACMCAT TACGTTTGAT ATCGTCCGAT ATCGATTTAC TATTTCCATT TAG / AC GTT GTT CAM GCT CGT GAC MT TCC CM GTT TTT
..................................................... I ntron
/Asn Val Val Gln Ala Arg Asp Asn Ser Gln Val Phe
364
379
394
409
424
GGT GTT GCT AGA ATT TAC GCT TCT TTC MC GAT ACT TTC GTT CAT GTT ACC GAT TTA TCT GGT MG GM ACC ATC
Gly Val Ala Arg Ile Tyr Ala Ser Phe Ann Asp Thr Phe Val His Val Thr Asp Leu Ser Gly Lys Glu Thr Ile
|---- Primer Site ----439

454

469

484

499

GCC AGA GTT ACT GGT GGT ATG MG GTT MG GCT GAC AGA GAT GM TCT TCT CCA TAC GCT GCT ATG TTG GCT GCC
Ala Arg Val Thr Gly Gly MET Lys Val Lys Ala Asp Arg Asp Glu Ser Ser Pro Tyr Ala Ala MET Leu Ala Ala
514

529

544

559

574

CAA GAT GTT GCC GCT MG TGT AGG GM GTC GGT ATC ACT GCC GTT CAC GTT MG ATC AGA GCT ACC GGT GGT ACT
Gln Asp Val Ala Ala Lys Cys Arg Glu Val Gly Ile Thr Ala Val His Val Lys Ile Arg Ala Thr Gly Gly Thr
589
604
619
634
649
AGA ACC MG ACT CCA GGT CCA GGT GGT CM GCT GCT TTG AGA GCT TTG GCC AGA TCT GGT TTG AGA ATT GGC CGT
Arg Thr Lys Thr Pro Gly Pro Gly Gly Gln Ala Ala Leu Arg Ala Leu Ala Arg Ser Gly Leu Arg Ile Gly Arg
664
679
694
709
ATC GM GAT GTT ACC CCA GTT CCA TGT GAC TCC ACC AGA MG MG GGT GGT AGA AGA GGT AGA AGA TTA TGA
Ile Glu Asp Val Thr Pro Val Pro Cys Asp Ser Thr Arg Lys Lys Gly Gly Arg Arg Gly Arg Arg Leu *

731
741
751
761
771
781
791
801
811
GTTATGCATG TATTGTACTT GTATTGCCGT ATTATTTTTT ACAGTTAAM MTGTGTACA TATMTTATA TAGCGCCCAT MTCAATCA
821

831

GCTCATACGT CMTTTAGTA

841

851

ATAAAAMA GCCCTTATM

861
CCTTTTAGTT MGMGA

S s

FIG. 4. DNA sequence of the CR YI gene and predicted amino acid sequence of ribosomal protein rp59. The sequence of the mRNA
identical strand of CRYJ is shown. The open reading frame encoded by the CRYJ transcript is translated into amino acids. The nucleotides
are numbered with respect to the translation initiation codon, designated + 1. The vertical arrows in the 5' and 3' flanking regions mark the
transcriptional initiation and termination sites, determined by Si mapping (S), primer extension (P), and sequencing of the cDNA clone (C).
The three consensus sequences (HOMOL1, RPG, and the thymine-rich region), the TATA boxes, and the sequence complementary to the
oligonucleotide used for primer extension are underlined and labeled. This DNA sequence was previously published without any supporting
data (66).
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E.coli

Sl1

AKAPIRARKRVRKQVSDGVAHIHASFNNTIVTITDRQGNA

Yeast

rp59

MSNVVQARDNSQVFGVARIYASFNDTFVHVTDLSGKE

Human

S14

?4APRKGKEKKEEQVISLGPQVAEGENVFGVCHIFASFNDTFVHVTDLSGKE

S11

LGWATAGGSGFRGSRK-STPFAAQVAAERCADAVXEYGIKNIEVNV----

rp59

TIARVTGGMKVKADRDESSPYAAMLAAQDVAAKCREVGITAVHVKIRATGG

S14

TICRVTGGMKVKADRDESSPYAAMLAAQDVAQRCKELGITALHIKLRATGG

Sll
rp59

TRTKTPGPGGQAALRALARSGLRIGRIEDVTPVPCDSTRK:GGRRGRRLZ

S14

NRTKTPGPGAQSALRALARSGMKIGRIEDVTPIPSDSTRRKGGRRGRRLZ

FIG. 5. Comparison of the primary structure of yeast CR YI
ribosomal protein rp59, Chinese hamster cell EmtB ribosomal protein S14, and E. coli ribosomal protein S1l. Identical amino acid
residues are indicated by two dots, and conservative amino acid
substitutions are indicated by one dot.

protein rp59 is extremely homologous to the sequence of
human or hamster ribosomal protein S14 (54, 55) and significantly homologous to the sequence of E. coli ribosomal
protein S11 (27). When the alignment shown in Fig. 5 was
used, 109 of 137 residues of rp59 (80%) were identical to
residues in the S14 protein, and another 11 residues were
conservative substitutions, such that there was an overall
level of homology of 88%. The sequence of rp59 is 45%
homologous to that of S11; 47 of 137 (37%) of the rpS9
residues are identical to residues in Sil, and 11 more are
conserved substitutions. The mammalian proteins contain an
additional 14 amino acids at their amino termini that are not
present in rpS9.
CRY) upstream promoter element. The 5' DNA sequences
necessary for expression of CR Y) were determined by
analyzing the expression of deletion mutations of CRY)
transformed into cry) yeast cells. Deletions of the 5' end of
the wild-type CR Y) allele were constructed starting from the
HindIl site at position -454 by using exonuclease BAL 31.
Because this HindIII site lies within a small nuclear RNA
gene upstream from CRY] (Thompson et al., manuscript in
preparation), we expected that all sequences required for
proper CRY] expression would be downstream of this site.
The wild-type HindIII fragment and the HindIIl fragments
carrying each deletion were cloned into both single-copy
centromere vector YCpS0 and multicopy 2,um vector YEp13
(Fig. 1). All deletions were named by the position of the first
remaining nucleotide upstream of CRY), numbered relative
to the position of the CR Y) translation initiation codon (Fig.
4 and 6).
Each single-copy YCpSO plasmid construction was transformed into cryl strain JL8, and the cryptopleurine resistance phenotype was assayed. Cryptopleurine resistance is
fully recessive in heterozygous CRYJIcryl diploids at the
drug concentrations used in this study. As expected, the
2.2-kb HindIII fragment containing wild-type CRYJ transformed JL8 to cryptopleurine sensitivity when it was cloned
into YCp5O, indicating that a single functional copy of the
CRY) allele is sufficient to transform this haploid Cryr strain
to Crys. Three phenotypic classes could be distinguished
among the JL8 transformants containing CRY) deletion
plasmids on the basis of their cryptopleurine resistance in
JL8 (Fig. 6 and 7). Deletion mutations A-273 and A-265
transformed JL8 to the same level of cryptopleurine sensitivity as did the plasmid containing the wild-type CRY) gene
on the 2.2-kb HindIII fragment. YCpSO A-257 transformants
showed increased cryptopleurine resistance, indicating that
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expression of this plasmid-borne CR YJ deletion mutation
was reduced in these transformants. Deletions up to and
including YCp5O A-114 resulted in this same intermediate
Cryr phenotype. The YCpSO A-46 deletion resulted in transformants as fully resistant to cryptopleurine as YCp5O vector
transformants.
The cryptopleurine resistance phenotype was also determined for cryl yeast cells transformed with each deletion
cloned in moderately high-copy-number vector YEp13. All
of the deletions conferred full cryptopleurine sensitivity,
with the exception of YEp13 A-46 transformants, which
were as resistant to cryptopleurine as YEp13 vector transformants. To obtain a more quantitative measurement of the
effects of these deletions on CR YJ expression, we measured
the amount of rp59 mRNA present in these transformants
containing the deletion series in YEp13. Under these conditions the majority of rp59 mRNA within the cells was
transcribed from the plasmid-borne CR YJ gene. Identical
amounts of rp59 mRNA were detected in cells transformed
with wild-type YEp13 CR YJ (YEp13 A-454) or deletion
mutant YEp13 A-273 or YEp13 A-265 (Fig. 8, lanes 2 through
4). A 60 to 70% decrease in rp59 mRNA levels was observed
between the YEp13 A-265 deletion and the YEp13 A-257
deletion (Fig. 8, lanes 4 and 5). A further three- to four-fold
decrease in rp59 mRNA levels was observed between the
YEp13 A-243 deletion and the YEp13 A-200, A-158, A-152,
A-143, and A-123 deletions (Fig. 8, lanes 6 through 11). The
YEp13 A-46 deletion resulted in at least an additional twofold decrease in rp59 mRNA compared with the YEp13
A-114 deletion (data not shown), which is consistent with its
decreased phenotypic expression either YCp50 or YEp13.
Primer extension analysis of RNAs from wild-type and
mutant transformants yielded identical quantitative results
and also demonstrated that transcripts with identical 5' ends
were produced by each CR YJ construction (data not shown).
To examine the possibility that variations in plasmid copy
number could have been responsible for the observed
changes in mRNA levels, DNAs were isolated from the same
cultures used to prepare RNA. Southern blot analysis of
these DNAs, quantitated by densitometry of autoradiograms
and by scintillation counting of the bands excised from the
filters, revealed no detectable change in plasmid copy number (data not shown).
In all of the deletions resulting in decreased CR YJ mRNA
levels, starting with YEp13 A-257, three minor transcripts
(X, Y, and Z) appeared (Fig. 8, lanes 5 through 11). These
transcripts decreased in size with increasing deletion size,
suggesting that they spanned the deletion endpoint. These
transcripts hybridized to pBR322-derived vector sequences
5' to the CRY) gene and also to the 2.2-kb CRY) HindIII
fragment, suggesting that they may be transcripts originating
from readthrough from cryptic promoter sequences in the
pBR322 DNA. A similar aberrant transcript was observed
when the RP39A promoter was inactivated (58).
CRY) upstream promoter element is not required for the
heat shock effect. The most clearly defined example of
regulation of transcription of yeast ribosomal protein genes
is the abrupt but transient decrease in transcription of most
of these genes when yeast cells are subjected to a heat shock
(31). To determine which, if any, sequences 5' to CRY) are
involved in mediating this heat shock response, we assayed
the amount of rpS9 mRNA present in cells containing
wild-type CR YJ or one of the CRY) 5' deletion constructions
cloned in YEp13 (A-257, A-243, A-200, and A-114) at various
times after the cells were shifted from 23 to 36°C (Fig. 9). We
expected that the effect of heat shock on the CRY) transcript
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FIG. 6. Structure and expression of CR YJ 5' deletion mutations. The expression of each CRY) mutation in vivo was measured by assaying
the cryptopleurine resistance of YCp50 CRY) A transformants of cry) strain JL8 and the amount of rp59 mRNA homologous to CRY) in
YEp13 CRY) A transformants of JL8. The Cry phenotypes are summarized from the results shown in Fig. 7 and are distinguished into the
following three classes: (+), completely functional CRY) gene conferring full Crys phenotype; (+/-), partially functional CRY) gene yielding
partially Cryr transformants; (-), nonfunctional CRY) gene yielding fully Cryr transformants. The amount of rp59 mRNA in each
transformant was determined by densitometric analysis of multiple exposures of blots of dilutions of each RNA sample over a 10-fold range.
This procedure ensured that the density of each band quantitated was within the linear range of the film. All values were normalized both to
the level of nonribosomal protein transcript 11-10 (see Fig. 8) and to the signal from the YEp13 CRY) transformed strain. Second, the bands
were cut from the filters and counted by liquid scintillation. Identical results were obtained by both methods. The HOMOLl (am), RPG
(P), thymine-rich (=), TATA (+) consensus sequences are indicated. The CRY) transcript is indicated by an arrow, and the CRY)
translational initiation codon is indicated by AUG.

from each plasmid-borne gene would be readily detectable
over the background of chromosomal cry] transcripts and
that the copy number of the plasmids would not be altered
during the 1-h heat shock, since this is significantly less than
one cell doubling time. It is clear from Fig. 9 that the levels
of CRY) mRNA expressed from the A-257 and A-243 deletions were still subject to the heat shock effect. The levels of
CR Y) transcripts decreased markedly 20 to 40 min after heat
shock, compared with the nonribosomal protein transcripts
from the 11-10 and ACT) genes, and returned to normal
levels by 60 min. The A-200 and A-114 deletion mutants also
showed a dramatic reduction in CRY) mRNA levels after
heat shock. However, these results are difficult to interpret,
since the relative contribution of rp59 mRNA from the
chromosomal cry) gene was greater in these two mutants.
These results demonstrate that no sequence 5' of nucleotide
-243, including the HOMOLl and RPG upstream promoter
elements located between nucleotides -263 and -249,
is necessary for the response of the CR YI gene to heat
shock.

DISCUSSION
CRY) gene. The primary transcript of the CRY) gene is 847
nucleotides long and contains a single 307-nucleotide intron
within the third codon of the open reading frame encoding
rp59. The sequences at the 5' and 3' ends of the CR Y) intron
conform to the consensus sequences present at all yeast
splice junctions (66). The sequence TACTAAC, present
within the CRY) intron, has been found in similar locations
in all known yeast intervening sequences (57, 66). The 5'
exon of CRY) consists of a short untranslated leader that is
21 to 38 nucleotides long plus 2¼3 codons, whereas the 3'
exon contains the remaining 1342¼3 codons and a 3' untranslated sequence that is 123 or 126 nucleotides long.
The fact that most (but not all) yeast ribosomal protein
gene transcripts, including CRY), contain a single intron
near their 5' ends suggests the possibility that this structural
feature is utilized to coordinate the balanced synthesis of
yeast ribosomal proteins. Since the CRY) cDNA clone
precisely lacking this intron is expressed in cry) yeast cells,
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FIG. 7. Cryptopleurine resistance phenotypes of cry) strain JL8 transformed with the YCp5O CRY] A 5' deletion series plasmids. Two
independently isolated transformants are shown for each plasmid. The transformed strains were grown on complete dropout medium lacking
uracil and replica plated onto plates containing complete medium lacking uracil but containing 10 ,uM cryptopleurine. (A) Growth observed
after 2 days at 30°C. (B) Same plate after 3 days of growth at 30°C. All strains showed identical growth after 2 days on complete medium
lacking uracil and cryptopleurine. The plasmids present in each transformed strain were as follows: C, YCp5O CR Y) (2.2-kb HindIII fragment
containing CRY); positive control); V, YCp5O vector (negative control); 1, A-273; 2, A-265; 3, A-257; 4, A-243; 5, A-200; 6, A-158; 7, A-152;
8, A-143; 9, A-123; 10, A-114; 11, A-46.
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FIG. 8. CR Y) mRNA levels in yeast strain JL8 transformed with
the YEp13 CRY) A 5' deletion plasmids. Total RNAs were prepared
from strains growing on complete dropout medium lacking leucine,
subjected to gel electrophoresis, transferred to nitrocellulose, and
hybridized with the 32P-labeled CRY) DNA homologous to rp59
mRNA and with plasmid 11-10 homologous to a single abundant
yeast transcript. The regions of this nitrocellulose filter corresponding to the CRY) transcript and the ))-IO transcript were cut out, and
the amount of radioactivity was determined by scintillation counting. These results were entirely in agreement with the RNA levels
measured by densitometry (see Fig. 6). X, Y, and Z designate
aberrant transcripts only seen when CRY) promoter elements were
deleted.

the CRY) intron is not necessary for CR YI expression.
However, the intron may play a role in the modulation of
CRYJ expression. The regulation of expression of the yeast
ribosomal protein genes that do not contain introns (e.g.,
RP39A and RP39B) is seemingly identical to that of the
intron-containing ribosomal protein genes during heat shock,
sporulation, or the stringent response or after a carbon
source shift (11, 29, 33; M. Rotenberg and J. Woolford,
unpublished data). However, recent data indicate that expression of several ribosomal protein genes during steadystate growth of yeast cells may be regulated in part at the
level of mRNA processing (71). Further experiments will be
necessary to elucidate the role, if any, of the short 5' exons
or the introns or both in the regulation of ribosomal protein
gene expression.
Yeast ribosomal protein rp59 is a highly conserved ribosomal protein. The amino acid sequence of rp59 that we
inferred from the DNA sequence of CR YJ displays a striking
level of homology (88%) to the sequences of both Chinese
hamster cell and human S14 ribosomal proteins and a
significant level of homology (45%) to E. coli ribosomal
protein Sll (Fig. 5). To our knowledge, this is the strongest
sequence homology that has been identified between a yeast
ribosomal protein and a mammalian ribosomal protein. Less
striking levels of homology have been observed between at
least nine other yeast ribosomal proteins and mammalian
ribosomal proteins (7, 8, 25, 37, 39, 40, 50-52). DNA
sequences homologous to CRY] have been detected by
hybridization to genomic DNA from a number of other
organisms, notably Drosophila virilis, Zea mays and
Drosophila melanogaster (7; Larkin, unpublished data).
There are mutant alleles of hamster ribosomal protein S14
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gene EmtB that confer resistance in vivo to the translationa
elongation inhibitor emetine, as well as cryptopleurine (42).
It has been shown that there is a single high-affinity binding
site for cryptopleurine that is present on 40S ribosomal
subunits isolated from wild-type CR YJ yeast cells and that
ribosomal subunits isolated from cryl yeast cells bind
cryptopleurine with lower affinity (10). Although emetine
does not enter yeast cells, ribosomes isolated from Cryr
yeast cells, but not Crys yeast cells, are resistant to emetine
in vitro (59). Emetine resistance in Chinese hamster ovary
cells results from mutations that alter either Arg codon 149
or Arg codons 149 and 150 of the S14 gene (55). Although the
exact locations of cryl mutations have not yet been determined, we note that there are two consecutive Arg codons
present near the 3' end of CR YJ in a location identical to the
location of Arg 149 and 150 codons of EmtB (Fig. 5). Taken
together, these data suggest that the S14 proteins of humans
and hamsters and the rp59 protein in yeasts contain a
conserved site near their carboxyl termini that is necessary
for the binding of emetine and cryptopleurine.
In addition to the homology between yeast rp59 and
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FIG. 9. Transient decrease of transcription of CR Y1 during heat
shock does not require the HOMOLl or RPG sequences 5' to
nucleotide -243 upstream of CRY]. Total RNA was prepared from
strain JL8 transformed with YEp13 (vec), YEp 13 containing the
wild-type CRY] gene (w.t.), and various YEp 13 CRY] A plasmids
before (0) and 10, 20, or 60 min following a temperature shift from
growth in complete dropout medium lacking leucine at 23°C to
growth at 36°C, as described in Materials and Methods. The RNA
samples were subjected to electrophoresis in denaturing formaldehyde agarose gels, transferred to nitrocellulose, and hybridized with
32P-labeled CRY] DNA and either ACT1 DNA or 11-10 plasmid
DNA. The positions of the CRYI, ACT], and 11-10 mRNAs are
indicated. The CRY] mRNA in the vector transformant represents
the mRNA transcribed from the chromosomal CRY genes and is less
than the mRNA seen in all of the CRY] deletion transformants
tested.
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FIG. 10. Compilation of the HOMOLl and RPG consensus
sequences comprising upstream promoter elements of yeast translational genes. (A) Frequency of occurrence of each nucleotide
within each position of the dodeca nucleotides HOMOLl and RPG.
The data were compiled from 20 yeast ribosomal protein genes for
which sequences are known and the yeast TEFI and TEF2 genes
encoding translational elongation factor EF1-a (58). (B) Similarity of
the last nine nucleotides of the consensus sequence for HOMOLl to
the first nine nucleotides of the consensus sequence for RPG.

mammalian S14 ribosomal proteins, we and other workers
(7, 65) have observed 45% homology between rp59 and E.
coli ribosomal protein S11. Although this degree of homology between the E. coli and yeast proteins is modest,
statistical analysis suggests that the observed homology is
not simply due to similar amino acid compositions (manuscript in preparation). Both emetine and cryptopleurine
block the EF-2- and GTP-dependent translocation of
peptidyl-tRNA from the A site to the P site of ribosomes (2,
6). E. coli protein S11 is involved in EF-Tu-dependent amino
acyl-tRNA binding (27). The homologies that we observed
among yeast rp59, human and hamster S14, and E. coli S11
may reflect the fact that these ribosomal proteins from
widely divergent species are involved in similar conserved
reactions required for the elongation steps of protein synthesis.
Promoter sequence common to yeast genes encoding components of the translational apparatus. A comparison of the
DNA sequences of ribosomal protein genes identified a
number of short nucleotide sequences upstream of most of
these genes (38, 66). To determine whether any of these
sequences are involved in the coordinate expression of these
genes, it is necessary to isolate mutations in these upstream
sequences and assay the expression of these mutant genes in
vivo. Our deletion mutations identified the region containing
three upstream consensus sequences (HOMOL1, RPG, and
the thymine-rich region) as the CR YJ upstream promoter
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element. Through a combination of mutagenesis and promoter substitution analysis we showed previously that the
same three sequences comprise the upstream promoter of
the RP39A gene of yeast cells (58). Similar results have also
recently been obtained for yeast ribosomal protein gene L25
(74). These results suggest that the more than 150 genes
coding for the translational apparatus of yeast cells share a
consensus tripartite promoter sequence. Figure 10 shows a
compilation of these consensus sequences determined from
the sequences of these genes.
The interaction of specific factors with these consensus
promoter sequences could mediate coordinate transcription
of this large family of related genes. Recently, Huet et al.
(23) identified a DNA binding activity in yeast extracts that
interacts with the RPG or HOMOLl sequences upstream
from TEFJ, TEF2, and RPSJA. Competition experiments
with RPSJA and TEF DNAs demonstrated that HOMOLl
and RPG compete for the same binding factors. Since the
two consensus sequences are very similar (the last nine
nucleotides of HOMOLl are homologous to the first nine
nucleotides of RPG [Fig. 10B]), this result is not surprising.
In fact, these two sequences actually overlap in the CRYJ
promoter at nucleotides -263 to -249 (Fig. 4). Thus, it
seems likely that the two sequences are not functionally
distinct.
The third component of the CRYJ and RP39A upstream
promoters that we have identified, a sequence rich in thymine residues, is commonly found upstream of yeast genes
(58) and has been demonstrated to function as an upstream
promoter element for the constitutive expression of several
yeast genes (64). However, our deletion results with both
RP39A and CRY] indicate that HOMOLl and RPG, as well
as the thymine-rich region, are necessary for expression of
these genes. Deletion of only parts of the thymine-rich
region of the promoter decreases but does not eliminate
expression of RP39A (58).
The ribosomal protein genes are constitutively transcribed
at moderately high levels during steady-state growth (each
transcript is -0.05 to 0.1% of the total yeast mRNA), yet
under certain growth conditions the expression of ribosomal
protein genes is coordinately increased or decreased. One
example is the transient decrease in transcription of ribosomal protein genes upon heat shock (31). Both in vitro
translation experiments (70) and RNA blotting (31) show that
heat shock results in a transient decrease in ribosomal
protein mRNA levels. For at least five ribosomal protein
genes, this transient reduction in synthesis is due to a
dramatic decline in the rate of transcription (31). We have
found that the amount of CRYJ mRNA normally declines
rapidly during the first 20 min after yeast cells are shifted
from 23 to 36°C and then recovers fully by 60 min (Fig. 9),
demonstrating that CRYJ mRNA levels are subject to this
mode of coordinate control. Results from the 5' deletion
series demonstrated that the consensus sequences
HOMOLl and RPG are not necessary for the heat shock
response of CRYJ. However, we could not unambiguously
determine whether sequences 3' of RPG, including the
thymine-rich sequences, were necessary for the heat shock
response. The response of yeast gene expression to heat
shock is complex. The ribosomal proteins are a subset of
more than 300 proteins whose synthesis is transiently repressed during heat shock, whereas the synthesis of at least
80 proteins is increased (41, 47). Further experiments will be
necessary to determine precisely which sequences are involved in the response of CRYJ to heat shock and whether
the heat shock response seen with this gene represents a
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coordinate response specific to ribosomal protein genes or is
reflective of a more general response to heat shock.
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